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Causal compatibility in
guantum causal models




Quantum-classical hybrid
causal models
a.k.a.

guantum-latent-permitting causal
models




What probability distributions over
classical variables are compatible with a
given causal structure when the latent
systems can be quantum?
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What probability distributions over
classical variables are compatible with a
given causal structure when the latent
systems can be quantum?
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Classical Bell model Quantum Bell model

(D e o
leTA PY |TA
P PA

PXYlST = Z/\ PXlS/\PYIT/\PA PXY|ST = TrA(pX|SApy|TApA)

lext|sns Py iTAl = 0

Recall: A distribution is compatible with a model if there exists
parameter choices that yield it
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Classical Bell model

Quantum Bell model
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Pxy|sT = 2A Px|sanPyTaPA
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px|SA Py|TAl = O

Pxy st = Tra(px|SAPY|TAPA)
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Recall general form of
“factorization within subspaces”

Ha =D Har @ Hyr

Special case of pure factorization
HA = Hpar @ Hpr
dim(Hpz) X dim(Hpr) = dim(Hx)

For arbitrary dimension of A, there is no loss of
generality in taking pure factorization
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Quantum Bell model

PX|SA
PY|TB
PAB

b,

(a8}

Pxyst = TraB(px|saPy|TBPAB)
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Quantum Bell model

PX|SA
PY|TB
PAB

b

(a8}

PxyisTt = TraB(px|saPy|TBPAB)

Causal compatibility constraints:

P — =
X|ST — - X|S§ i 2o—y Pxvisr(2yl00) + 3 >, Pxy|sr(zy|01)
Py g1 = Py|r : | 1,
1 2oa—y PxvisT(@y|10) + 5 > oy Pxyis(zylll) < 5+ 55

Tsirelson, Lett. Math. Phys. 4, 93 (1980)
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Quantum Bell model

PX|SA
PY|TB
PAB

b

(A8}

Pxyist = TraB(px|s4Py|TBPAB)

One can sometimes determine an upper bound on the dimension of AB
But the necessary quantifier elimination problem is nonlinear and infeasible
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The classical Bell model

Px|sA
Py

P
@ Ps
() Pr

Pxy|sT = 2N PyiraPx|sAPA
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Pxisn

Pirsa: 23040003

?Y[TA,

K= 5.0 ]

Y= §(TA)

TN

(1

G

[ X=q1Y
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PXY|ST a Zf,g 5X,f(S)5Y,g(T)PF,G(f:9)
If X,Y,S,T are binary, A4 can have cardinality 16

Pxy|st -— PXY|ST($y|3t) dfg = PF,G(f: g)
x,Y, Sat = {Oa 1} f:g = {id:fp7r05r1}

P00]00 = Grg,ro T Gro,id T Gid,ro T 4id,id

P00j01 = qro,r1 Tt Gro,fp T Gid,r; T Gid,fp 0<gqrs <1Vf,g

16 linear equalities + inequalities
Do linear quantifier elimination on the 16 q'’s.
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Quantum Bell model

PX|SA
PY|TB
PAB

—/\

(A8}

PxyisTt = TraB(px|s4Py|TBPAB)
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Quantum Bell model

PX|SA
PY|TB
PAB

A

(A8}

Pxyist = TraB(px|s4Py|TBPAB)

A feasible solution:
The NPA semidefinite programming hierarchy
Navascués, Pironio, and Acin, New J. Phys. 10, 073013 (2008)
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Recall that conditioning on a quantum system that is a mediary within
a causal structure is not meaningful given the impossibility of passive
observation of a quantum system
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Recall that conditioning on a quantum system that is a mediary within
a causal structure is not meaningful given the impossibility of passive
observation of a quantum system

But it is still meaningful to ask:

What conditional independence relations hold among the classical
variables in the quantum-latent-permitting causal model?
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Definition (path blocking) A path between classical node X and classical
node Y is blocked by a set of classical nodes Z if at least one of the
following conditions holds:

1. The path contains a chain whose mediary node is in Z

2. The path contains a fork whose tail node is in Z

2. The path contains a collider whose head node is not in Z and no
descendant of which is in Z.

Definition (d-separation) Given a quantum-latent-permitting model M
with observed classical nodes V, two disjoint set of classical observed
nodes X, Y Cc V are d-separated by a set of classical observed nodesZ c V
if and only if for every pair of nodes, X € Xand Y € Y, every path between
X andY is blocked.

Henson, Lal, Pusey, New Journal of Physics 16, 113043 (2014)
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XS\-

A
zﬁ'-
A%

Markov condition for split-node
intervention probing schemes

PXY AN Z#X#A# = PY|X#A#PX|Z#A#PA

Pirsa: 23040003

P‘f WA

X classical

X\ Putan

Markov condition for passive observation
of classical X, no intervention on A

pxv|z = Tra(py|xaPx|ZAPA)
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Extension of d-separation theorem to quantum-
latent-permitting causal models:

Consider a quantum-latent-permitting causal model on DAG G and three
disjoint subsets of observed variables X, Y and Z.

Soundness
X 14Y|Zin G — VPeCompy:XLY|ZinP

Completeness

VPeCompy : X 1Y|ZinP — X 1;Y|ZinG

Henson, Lal, Pusey, New Journal of Physics 16, 113043 (2014)
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X1lY|Z

PXY|Z = PX|ZPY|Z

[pX|ZapY|Z] =0
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Quantum Bell model

PX|SA
PY|TB
PAB

—/\I

(a8}

PxysTt = TraB(px|saPy|TBPAB)
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Quantum Bell model

{E&,'S}m for each s
{E i}y for each ¢

(a8}

Pyxysr(wylst) = Trap((E4 2ls © y|t)PAB)
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Quantum Bell model

PX|SA
PY|TB
PAB

b,

(a8}

Pxyst = TraB(px|saPy|TBPAB)
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Quantum Bell model

{E&,'S}m for each s
{E ity for each ¢

(a8}

Pyxysr(wy|st) = Trap((E4 2ls © y|t)PAB)
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Quantum Bell model

PX|SA
PY|TB
PAB

b

(a8}

PxyisT = TraB(px|saPy|TBPAB)

Causal compatibility constraints:

P — =
X|ST — - X|S§ i 2wy PxvisT(2y|00) + 5 3° ., Pxvsr(zy|01)
Py g1 = Py|r : | 1, 1
1 2oa—y PxyisT(@y|10) + 5 >,y Pxyisr(zylll) < 5+ 55

Tsirelson, Lett. Math. Phys. 4, 93 (1980)
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Y 1L X|Z
Py zZ|X — PY|ZPZ|X
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X and Y are independent when one marginalizes over Z

X 1lY
PXY = PXPY
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X and Y are independent when one marginalizes over Z

X 1lY
PXY = PXPY

However, X and Y can become dependent if one conditions on Z
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Extension of d-separation theorem to quantum-
latent-permitting causal models:

Consider a gquantum-latent-permitting causal model M and three disjoint
subsets of observed variables X, Y and Z.

Soundness
X 14Y|Zin G — VPeCompy:XLY|ZinP

Completeness

VPeCompy: X 1Y|ZinP — X 1;Y|ZinG

Henson, Lal, Pusey, New Journal of Physics 16, 113043 (2014)
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X LY|GA




Nested Markov constraints
for quantum-latent-permitting

causal models
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@) Pascop = Tty (ppjucPoispBianP apy)

@ :> = Tr,(pp|ucPB|lApPL)Pc|1BP A

(B, = QppjacPciBPAa

O/ EBN® O
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ALC|B

Verma graph

O/ EBN® O

Pirsa: 23040003



G ::> Al1C|B

This implies equality constraints on P,gp

Verma graph

O/ EBN® O
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G ::> Al1C|B

This implies equality constraints on P,gp

But there is also another type of
equality constraint that arises here...

Verma graph

O/ EBNO® O
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® Pascp = Tr, (ppjucPeoispBianP ap,)

@ :> = Tr,(pp|ucPB|lAuPL)Pc|1BP A

(B, = QppjacPciBPAa

This subgraph has d-separation relations implying
QBp|ac D 1L A|C orequivalently, Qpac = Qpic

Is compatible with
the subgraph: 0

O/ EBN® O
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® Pascp = Tr, (pojucPeoispBianP apy)

@ :> = Tr,(pp|ucPB|lAuPL)Pc|1BP A

(B, = QppjacPciBPAa

This subgraph has d-separation relations implying
QBp|ac © D 1L A|C orequivalently, Qpac = Qpic

Is compatible with This implies equality constraints on Qg 5c and hence

the subgraph: 0 equality constraints on Pygcp, /P sPa
Verma constraints

O/ EBN® O
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QBp|ac

Is compatible with
the subgraph:

O/ EBN® O

Pirsa: 23040003

Papep = Tr, (pD|uCPC|BpB|A;LPApu)
= Tr,(pD|ucPBl|AuPL)Pc|BP A

= QplacPc|BPa

This subgraph has d-separation relations implying
D 1L A|C orequivalently, QD|AC = QD|G

This implies equality constraints on Qg 5c and hence
equality constraints on Pygcp, /P sPa

Verma constraints

Note: inequality constraints on Qg ¢ (Tsirelson bound)
also imply inequality constraints on Pygcp /PcsPa
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Entropic techniques by
quantifier elimination for
guantum-latent-permitting
causal models

R. Chaves and T. Fritz, Phys. Rev. A 85 (2012)
T. Fritz, New J. Phys. 14 103001 (2012)
R. Chaves, L. Luft, D. Gross, New J. Phys. 16, 043001 (2014)
R. Chaves, L. Luft, T. O. Maciel, D. Gross, D. Janzing, B. Scholkopf, Proceedings of UAI 2014
M. Weilenmann and R. Colbeck, Proc. Roy. Soc. A 473.2207 (2017): 20170483.
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Entropy vector

For the joint distribution of the random variables X, ...X., the
components of the entropy vector are the entropies of the
marginals for all possible subsets of variables:

(H(X1),H(X2),...,H(X,),H(X1X2), H(X1X3),...,H(X1,X2, -, Xn))

O/ BEBNO® O
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An outer approximation to the entropy cone:
the Shannon cone

Monotonicity
H(XA) > H(X)
for every variable A and sets of variables X

Submodularity
H(X) + H(XAB) < H(XA) + H(XB)
where A and B are variables not in the set X

O/ EBN® O
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Triangle

Al Blpy =

O/ EBNO® O

Pirsa: 23040003

Entropic constraint for the triangle scenario

T. Fritz, 2012

Al B
AlC
BliC)

o AL pv
A opulAv
v v1lAu

I(A:Blp) =0 = I(A:B)<I(A:pu)

By Shannon-type
inequalities
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Triangle

Entropic constraint for the triangle scenario
T. Fritz, 2012

AL Blu XL puv
ALCIA pl i
B1Clv v 1A

ALlBljp = I(A:Blp)=0 = I(A:B)<I(A:p) By Shannon-type
ALCIA = IA:C|IN) =0 = IA:C)<I(A:))  inequalities

O/ EBNO® O

irsa: 23040003

I(A:B)+I(A:C)<I(A:p)+I(A: N
' By Shannon-type
RIS () inequalities
X = s =10

I(A:B)+I(A:C) < H(A)

Page 46/106



O/ EBNO® O
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von Neumann entropy obeys
Submodularity
H(X) + H(XAB) < H(XA) + H(XB)
where A and B are systems not in the set X
But does not obey
Monotonicity
H(XA) = H(X)

for every system A and sets of systems X

Instead, it obeys a weaker condition (weak monotonicity)
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The constraints obtained by entropic techniques
via quantifier elimination generally do not
distinguish quantum and classical models

O/ BEBNO® O
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Inflation technique for
quantum-latent-permitting causal

models
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Quantum triangle model

PA|XY
PB|Y Z
Pc|xz
Px
PY
Pz

pa|xY,PBlYz] =0

:pB|YZJ PO|XZ] =0

paxysPc|xz] =0

Papc = Trxyz (pajxyPBIY ZPC|X2PXPYPZ)

O/ EBN® O

Pirsa: 23040003
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Recall the classical case:

(A
T &
® . (B) (C (B
@ >,
Triangle Cut inflation of
Triangle

O/ BEBNO® O
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Quantum triangle Cut inflation of
Quantum Triangle

O/ mN® O
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(¢
TN
e
Quantum triangle EHationa: Spiral inflation of

Quantum' Trangle Quantum Triangle?

Not meaningful

O/ EBNO®O



Quantum model M on DAG G

PAIXY
PB|Y Z
Pc|xz
PX
PY
Pz

[pa|xY,PBIYZ] =0
[pB|YZ:pC|XZ] =0
lpa|xy,sPcixz] =0

O/ EBNO® O

Pirsa: 23040003

Quantum model M’ = G — G’ Inflation of M

PA|X1Y>
PB,|Y1 2,
PC,|X,2,
oY, symme-try
constraint:
PY>
Py, = PY,
Pz,

0B Y1215 PCa|X12:] = O
[PAL X1 Y21 PO X1 2:) =0
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Quantum model M on DAG G Quantum model M’ = G = G’ Inflation of M

PAIXY
PB|Y Z
Pc|xz
PX
PY
Pz

{A;C4} is an injectable set
PAlcl = ﬂlezzl (PA1|X1Y2P01|X1219X1PY2P21)

Pac =Trxyz (pajxyPo|xzPxPyPz)

O/ EBNO® O

Pirsa: 23040003

PA|X1Y>
PB,|Y1 2,
PC,|X,2,
PX, with
Py, symme-try
constraint:
PY-
Py, = PY,
Pz,
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Quantum model M on DAG G

PAIXY
PB|Y Zz
Pc|xz
PX
PY
Pz

{A;C4} is an injectable set
PAlcl = rrrxlyzzl (pA1|X1Y2PC1|X1Z1PX1pY2p21)

Pac =Trxyz (PajxyPo|xzPxPyPz)

Quantum model M’ = G — G’ Inflation of M

PA|X1Y>
PB,|Y1 2,
PC,|X,2,
oY, symme-try
constraint:
PY>
Py, = PY,
Pz,

P4c compatible with M  ——> Pa,¢, = Pac compatible with M’

O/ EBNO® O

Pirsa: 23040003
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is incompatible

= el
with Pikd = 2[000] -+ 2[111]

O/ EBNO® O
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O/ EBNO®O

Pirsa: 23040003

Quantum model M’ = G — G’ Inflation of M

(PAICI ) PBICI)

PA|X1Y>
PB,|Y1 2,
PC,|X,2,
Py symmetry
5 ' constraint:
Y:
’ Py, = PY,
Pz,
= 3(00] + 3[11]
= $(00] + 3[11]

is not compatible with M’
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Proof:

If Pa,c, = 5[00] + 5[11]
Pg.c, = 3
then

PA131 = %[OO] + %[11]

(recall example 3 of
marginal problem)

But this violates A1 L B

which is required by the
d-separation relation A; 14 B

Which is quantum valid
@/ @NOO

Pirsa: 23040003

PA|X1Y>
PB,|Y1 2,
PC,|X,2,
PXx,
le
PY>
Pz,

(PAlc'l ) PBICI)

Quantum model M’ = G — G’ Inflation of M

with
symmetry
constraint:

Py, = PY;

Pa,c, = 1(00] + 3[11]
Ps,c, = 3(00] + 4[11]

is not compatible with M’
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M’ =G — G’ Inflation of M
S C ImagesInjectableSets(G) S’ C InjectableSets(G’)

{PverVEJy}
where Py = Py for V.~V
is compatible with M’

{PV .V e S} :
is compatible with M

O/ EBNO® O
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O/ EBNO® O

Pirsa: 23040003

Let Is be an inequality that acts on
the family of distributions {Py : V € &}

Whenever

{Py :V € S} s Is is satisfied for
is compatible with M {Py :V €S}

we say that

Is is a causal compatibility inequality for model M
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(PA1017 PB101 ) PAlBl)
is a valid set of marginals

O/ EBNO® O

Pirsa: 23040003

(PAlc’l: PBlclﬂ PAlBl) Sa’tiSfy
Py, +Pp,+Pc,—Pa,B,—P,c,—Pa,c, £1

(Pa,ci> PB,c,, Pa,B,)
is compatible with M’

— A, 1l By — Phﬂh::}hdpbl

which is quantum valid
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binary A, Band C

Pa+Ppt+le—PaPp—FPpc—FPac = 1
(AC)Y + (BC) <1+ (A)(B)
I(A:C)+1I(C:B)<H(C)

Quantum valid
O/ BENMO O

Pirsa: 23040003
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(A)

OO
Q @

O,

Triangle

O/ EBNO® O

irsa: 23040003

Ao\
D,
Cut m_flatlon of Spiral inflation of
Triangle .
Triangle
Non-fan-out Fan-out
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Quantum triangle

O/ EBNO® O

Pirsa: 23040003

Cut inflation of
Quantum Triangle

Spiral inflation of
Quantum Triangle?

Non-fan-out Fan-out



RO

OPNO
@

P4(1)Pp(1)Pc(1)
< Pap(11)Pc(1) + Ppc(11)Pa(1)
+ Pac(11)Pp(1) + P4pc(000)

O/ EBNO® O

irsa: 23040003

PA2(1)PBQ(1)PC72(1)
< PAlBg(ll)PCQ(]-) & PBlcz(ll)PAz(l)
+ Pa,c, (11)Pp, (1) + Pa, B,c, (000)
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Classical Triangle model

(A

OO
Q @&

O,

Quantum-latent-permitting
Triangle model

Pa(1)Pp(1)Pc(1)
< Pap(11)Pc(1) + Ppc(11)Pa(1)
+ Pac(11)Pp(1) + Papc(000)

Other inequalities

There are inequalities that distinguish quantum and classical latents

O/ EBN® O

irsa: 23040003
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Bell model M Inflated model M’

fan-out
1 22—y PxyisT(zy]00) + 1 >, Pxy|sT(zy|01) 1 2zey Pxovolsomo (xy]00) + £ 35— Pxovi|som: (zy]01)
i 2a—y PxyisT(2yl10) + 3 3, ., Pxy|sT(zyl11) < § 1 2omy Pxivolsimo (@y|10) + 3 3., Pxyvaisim (2yl11) < §
Causal compatibility inequality in M Causal compatibility inequality in M’

not quantum valid

O/ EBN® O
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Bell model M Inflated model M’

o

Ist(X : Y) defined by PXY|ST(|St) Ist(X/i : }3) defined by sz}/jlstT}(ISt)
HS(X) defined by Px|5(|3) HS(Xz) defined by PXz|Sz(|S)
Ht(Y) defined by PY|T(|t) Ht(}/z) defined by P){Llﬂ(lt)
Top GOl RR)ige [ OISl CEEH) Ioo(Xo : Yo) + Io1(Xo : Y1)+ Io(X1 : Yo) — I11(X1 1 Y1)
< Ho(X) + Ho(Y) < Ho(Xo) + Ho(Yp)
Causal compatibility inequality in M Causal compatibility inequality in M’

not quantum valid

O/ BEBN® O
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Quantum Instrumental model

PX|AZ
PY|AX
PA

lexiaz: Pyinx] =0

Pxy|z = Tra(py|xAPX|ZAPA)

O/ BEBN® O
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Quantum Instrumental model M Interrupted version M’

PX|NZ pX#\Z
""'r PYMX X7 =z
@ AL
PA

Pxy|z(zy|z) Pyyzx#(zy|zz)

= Tra((yz|py | xalyz){(z2|px | ZA|T2) PA) = Tr/\((ymlpy|X#A|ya:) ($Z|PX|ZA|-TZ>PA)
p some PXY|ZX# where
XY|Z

Pyyzx#(z - |-x) = Pxy|z(z - |)

is compatible with M

is compatible with M’

O/ EBN® O
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Quantum Bell scenario Y 14 S|T = Pyjsp = Pyjp Quantum valid

Pxy|s7(00|00) + Pxys7(10]00) = Py 7(0]0)
Pxy|s7(01]00) + Pxys7(11|00) = Py 7 (1]0)
PXY|ST(00|10) + PXY|ST(10|1O) = PY|T(O|O)
Pxy|s7(01|10) + Pxy|s7(11|10) = Py 7(1]0)

Pxy|sr(11/10) >0 = Py|r(1]0) — Pxy|s7(01]10)
Pxy|s7(10|00) 20 = Py 7(0/0) — Pxy|s7(00]00)

—> Py 7(0]0) — Pxy|s7(00]00) 4+ Py(7(1]0) — Pxy|s7(01/10) > 0

is an implication of equality constraints in the Bell scenario
referring only to  { Pyy|zx# (zy|2x)}z,y,2

O/ BEBNO® O
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1£]=3
IX|=[Y]|=2

O/ EBN® O

Pirsa: 23040003

Instrumental model

Pxy|z = 2A Py | xnPxznEA

Pxy|7(00[0) + Pxy7(11]0)
+Pxy|z(00[1) + Pxy|z(10[1)
+Pxy|z(01]2) < 2

Bonet, 2001
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Instrumental model M Interrupted version M’

Sl

is a causal compatibility inequality in
model M’

is a causal compatibility inequality in

model M :

quantum valid

O/ EBN® O
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Observational equivalence and dominance in
quantum-latent-permitting causal models
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Observational equivalence and dominance in
quantum-latent-permitting causal models
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O/ BEBNO® O

Pirsa: 23040003

Saturating

Triangle

Instrumental
Chain & Fork

2| 1-Factorizing

Factorizing

Collider
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Therefore, the only possibility for a guantum-classical gap is in
the Triangle, Evans, and Instrumental scenarios

O/ EBNO® O
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Fritz, New Journal of Physics 14, 103001 (2012).

O/ EBN® O
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Saturating

Unknown!
Quantum-classical

gap exists ilanele

Quantum-classical
gap exists

Instrumental
Chain & Fork

2| 1-Factorizing

Factorizing

Collider

O/ EBNO® O
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GPT-latent-permitting causal
models
(Generalized Probabilistic

Theories)

Henson, Lal and Pusey, New J. Phys. 16, 113043 (2014)
Fritz, Comm. Math. Phys. 341, 391 (2016)




GPT-latent Bell model

A d
Q @i

B d

Tl € RYB

Pxy|sr(aylst) = (@ r[) - 45

O/ EBN® O
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Popescu-Rohrlich box

1(00] + 1[11] if (s, 2) € {(0,0), (0, 1), (1,0)}

P§y|ST($y|8t) {2 lio1) + 2 [10] if (s,t) = (1,1)

% Zar;:y PXY|ST($y‘OO) S i Em:y PXY|ST(xy|01)
% Zm:y PXYlST(xy“O) a5 % Ex#y PXY|ST(33?}|11) = l
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Space of compatible probability distributions

i = (Pxyjsr(eylsn),

Equality

constraints
A ( X1T|S
s I8 514

Classical
constraint on Bell quantity
(Bell bound)

Algebraic maximum
for Bell quantity

Quantum constraint on Bell
quantity (Tsirelson bound)

O/ EBN® O

Pirsa: 23040003 Page 85/106



O/ EBNO® O

Pirsa: 23040003

Space of compatible probability distributions

i = (Pxyjsr(eylsn),

Equality

constraints

. r— X 1T|S
s Y LS|T

Distributions
compatible with a
\ GPT causal model

Distributions
compatible with a ;
classical causal 4

model e :
Distributions compatible

with a quantum causal
model

Page 86/106



Bell scenario S € {0, 1,2}

T 2wmy PxvisT(2y]00) + 7 3=, Pxy|sT(zy|01)
i 2oy PxvisT(zyl10) + £ 3., Pxv|sr(zy|11) —3Pxy|s7(11|20) < 2 Classically

Pxy|s7(00|00) + Pxy |s7(11(01)
+Pxy|s7(00|10) + Pxy|s7(10[11)
+Pxy|s7(01]20) <2  Classically
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Space of compatible probability distributions

xyst
Equality

constraints
(none for the
triangle)

=|  Distributions compatible
with a GPT-latent-
permitting causal model

Distributions
compatible with a /
classical causal ,,r

model W

Distributions compatible\
with a quantum-latent-
permitting causal model
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Constraints from non-fan-out inflations are GPT valid

O/ BEBN® O

Pirsa: 23040003 Page 89/106



Space of compatible probability distributions

xyst
Equality

constraints
(none for the
triangle)

=|  Distributions compatible
with a GPT-latent-
permitting causal model

Distributions
compatible with a /
classical causal ,,r

model W

Distributions compatible\
with a quantum-latent-
permitting causal model
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How to characterize the set of distributions that are
compatible with a quantum-latent-permitting causal
model?

See “Quantum inflation technique”
Wolfe, Pozas-Kerstjens, Grinberg, Rosset, Acin,
Navascués, Phys. Rev. X 11, 021043 (2021)

Building on NPA hierarchy for Bell scenario
For convergence result, see:

Ligthart, Gachechiladze, and Gross,
arXiv:2110.14659 (2021)
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Left outcome and
Right outcome

S Tomd0| Oand? | 1ana0 | a1
Oand O 43% 7% 7% 43%

Lot seting  EPTRREN 43% 7% 7%  43%
an
Right setting 1and 0 43% 7% 7% 43%

1 and 1 7% 43% 43% 7%
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The evidence

Left outcome and Right outcome

B O T R R

setting 43% 7% 7% 43%
and ST 5, 7% 7% 43%
Right

Setting 1and 1 7% 43% 43% 7%

Violates Bell inequalities
(up to Tsirelson bound)

O/ EBN® O

Pirsa: 23040003

The natural hypothesis

Left

Right

Outcome outcome
Right
setting

Implies Bell inequalities

Common
Cause
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The evidence A new possibility

Left outcome and Right outcome Left

43% 7% 7% 43%
Left

setting 43% 7% 7% 43%
;nﬂ : 43% 7% 7% 43% %
19

setting 7% 43% 43% 7%
Quantum
common

cause
O/ BENMO O
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Common cause Dai

Left outcome

Pw - Right outcome
DBO

'-—u_(lr * ﬂ

Comp De-phasing  Meas

Right setting
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VS.
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Training data
&

Best-fit polynomial
model of the
Training Data
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Test Data
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Training data
&

Best-fit polynomial
model of the
Training Data

Training Error

= x2 between the
training data and
the model that best
fits the training data
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linear model polynomial model

Signature of overfitting:
Lower training error

Higher test error
By higher bar:
This model preferred because it makes better
predictions about unseen data
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. Training Error

. Test Error

PAB
PX|SA
PY|TB
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. Training Error

. Test Error

PAB
PX|SA
PY|TB
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Quantum causal models with finite dimension of
latent systems and various restrictions on
parameters.

(Stronger assumptions imply stronger conclusions.)

|dentifying and estimating causal effects in quantum
causal models
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Can we unscramble the omelette of causation and
inference in quantum theory?

If so, then can the intrinsically guantum theories
of causation and inference be derived from simple
axioms that capture the innovation relative to
classical theories?
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